Theoretical evaluation of elastic impedance (EI) and ray impedance (RI) has revealed that RI has a more reliable dimension and is less sensitive to errors than EI. In particular, RI appears to be more applicable than EI for characterizing tight gas sands. In this paper, a new measurement (R  I) is proposed to estimate the ray impedance from elastic impedance, and can be expressed in the form of a normalization of the elastic impedance (EI). Tests of these three measurements are performed on the log data of three different types of reservoirs: a typical Class III marine gas sand, a Class I tight gas-sand and a thin sand-mud inter-bed. We show that RI is capable of characterizing all three types of reservoirs, whilst EI fails in the tight gas-sand case. The cross-plots of EI against acoustic impedance (AI) show approximately linear trends for all three cases. The R  I estimated from the elastic impedance (EI) has a comparable dimension to the acoustic impedance (AI), and maintains the interpretation ability of the original RI. 
Introduction
In this paper, elastic impedance (EI) and ray impedance (RI) are evaluated in terms of stability and accuracy. We show that there are three distinct advantages in the use of ray impedance for reservoir characterization: (1) RI does not have the scale problem which elastic impedance (EI) does; (2) RI with higher values of ray parameter is more sensitive to hydrocarbon reservoirs; (3) RI is insensitive to the non-optimal values assumed in the derivation of the elastic impedance.
An analytic formula is also proposed to estimate the ray impedance from the elastic impedance. This estimated ray impedance is denoted as R I .
~ is a combination of the above two attributes (EI and RI), and can be expressed in the form of a normalization of the EI. Three different types of reservoirs are used to demonstrate the merits of EI, RI and R I for characterizing hydrocarbon-bearing sands: (1) a typical Class III marine gas sand (low impedance, weak seismic reflection); (2) a deepburied tight gas-sand (Class I sand of high impedance and strong seismic reflection); and (3) thin sand-mud inter-beds of oil-bearing sands.
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Evaluation of elastic impedance and ray impedance
The elastic impedance (Connolly, 1999) inversion has been applied widely in hydrocarbon prediction. Based on the linearized approximation for PP-wave reflection coefficients 2 2 2 2 2
the angle-dependent elastic impedance is defined as
where the parameter 2 2 K β α = is assumed to be constant. Given the angle of incidence, EI inversion is performed on prestack seismic data, similarly to the AI inversion. EI is derived based on two wellknown assumptions: (1) angles of incidence are constant and the same as the corresponding transmission angles and (2) the parameter . It is derived based on the reflection coefficients in the ray parameter domain (Wang, 1999) 
where the P-wave-dependent reflection coefficient is In order to evaluate their interpretation ability, EI and RI models are generated using the log data for a Class III and a Class I gas-sand reservoirs (Figure 1 ). Different types of curves indicate different values of K/r (EI/RI) for the overburden shale layer (blue) and lower sand layer (red) within angles of incidence from 0 o to 60 o (solid curves are EIs/RIs with the real value of K/r). AI is plotted as the straight dotted line. Even with an optimum K, the value of EI varies significantly with angle. Besides, EI is very sensitive to the errors caused by non-optimal values of K (dotted curves). Although a normalized form of EI doesn't have the dimensionality problem (Whitcombe, 2002) , it is also sensitive to the non-optimal values of normalization reference measurements: α 0 , β 0 and ρ 0 .
RIs with larger r (0.1, 0.2 and 0.3) do not change much either in range or in shape (Figures 1c and  1d ). RI with a higher value of incidence (ray-parameter) has a better interpretation capability for the Class III model, because the difference of RI between shale and sand increases dramatically with incident angle. In the case of Class I tight sand, we find that the difference between RI and AI grows stably with the increase of incident angle. Therefore the cross-plot of RI against AI is also able to discriminate Class I sand from surrounding rocks. rd 
Transformation from EI to RI
Although RI shows advantages in interpretation, it is still a new measurement to the industry compared with EI. Therefore, it is meaningful to build a direct link between these two valuable tools. Theoretically, an explicit relationship between EI(θ) and RI(p(θ)) can be found because they are derived from approximations of reflection coefficient with similar accuracy (Zhang, 2010) .
where R  I i (p(θ i )) is the ray impedance estimated from EI. Because different approximations are applied in the derivations of EI and RI, RI can be approximately estimated even using the real value of parameters K/r. The same single-interface models are used to indicate the feasibility of this transformation ( Figure 2 ). The largest difference between RI i (p(θ i )) and R  I i (p(θ i )) for the Class III model appears at the largest angle of incidence, while in the case of Class I model, the largest difference appears at angles of incidence from 35 o to 45 o . Equation (5) can be used to normalize the elastic impedance, which makes its dimension comparable to the acoustic impedance. 
Real data examples
We use real log data for three different types of reservoirs to evaluate the interpretation capability of elastic impedance and ray impedance, and test the feasibility of directly estimating R  I from EI. Cross-plots of EI, RI and R  I at far offset versus AI are plotted to discriminate the hydro-carbon bearing sands from shales.
Case 1: This reservoir formation is traditional Class III gas sand, buried in clastic deep-sea turbidites. It has high porosity (>25%) and permeability. Cross-plots of RI (270ms/km) and EI (48 0 ) give a similar characterization of rocks (Figure 3a-3b) . Both of them show a good discrimination of sand (green) from shale (purple). EI (6000-19000m/s*g/cc) is normalized using equation (5); the R  I (3000-7000m/s*g/cc) estimate has a similar dimension as RI (2500-9000m/s*g/cc) and AI (3500-7750m/s*g/cc). This transformation does not compromise the interpretation ability of EI: a clear view of sand can be also found in the cross-plot of R  I (Figure 3c ). Fluid analysis shows that those sands with higher porosity (purple) have a lower impedance value. Case 2: This Class I gas sand is an unconventional resource -tight clastic sediments with extremely low porosity (average 2.9%) and permeability (average 3.9mD). In this case, it is difficult to discriminate the tight sands (green) from surrounding shales (blue and purple) even using the faroffset elastic impedance (range in 5000-42000m/s*g/cc) (Figure 4b ), because sands are mixed with the signature of shale. Ray impedance (in range 3000-16000m/s*g/cc) show a better interpretation of the reservoir (Figure 4a ), and this is also recovered by the estimated R  I (in range 2500-9000m/s*g/cc) from elastic impedance (Figure 4c ). In Figures 4d-4f , tight-sands show lower porosity (2% in green) than surrounding shales (purple). 
Case 3:
The last analysis is performed on a reservoir of multiple thin oil-bearing sand layers (sandmud inter-beds). Porosity and permeability are also low, from 10.4％ to 13.9％, and from 14.7 to 0.06mD, respectively. In this case, although good discrimination is also found in the cross-plot of EI 
Conclusions
Because of its reliable dimensionality and non-sensitivity to errors, ray impedance is more applicable than elastic impedance for reservoir characterization. In all three examples of real data analysis, cross-plots of elastic impedance against acoustic impedance represent nearly linear fitting because of the constant background K. Cross-plots of RI and AI show a similar interpretation as EI for the typical Class III gas sand, but show better discrimination of hydrocarbon-bearing sand from shale for the other two cases. R  I estimated from EI has a comparable dimension to the acoustic impedance, and maintains the interpretation ability of the original RI.
